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[11 The role of the redistribution of tropical upper tropospheric humidity in the formation
of tropical cirrus is studied using three years (June 2006 to December 2008) of
observations with the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
instrument onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) as well as the Microwave Limb Sounder (MLS) onboard the Aura satellite.
The National Centers for Environmental Prediction and Atmospheric Research reanalysis
data are also used. Results show that the redistribution of upper tropospheric humidity
from a highly convective zone to the Indian peninsular region leads to the formation of the
tropical cirrus. Advection of upper layer humidity is caused by the tropical easterly jet
(TEJ) associated with the Asian summer monsoon (ASM). Thus the present analysis brings

out, for the first time, the role of the TEJ in the redistribution of upper tropospheric
humidity and consequently in the formation of tropical cirrus. As little observational
evidence exists in support of the generative mechanisms of the cirrus, the present results
can be useful in quantifying the formation process of these clouds, which have
implications for Earth’s radiation budget and improving global climate models.
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1. Introduction

[2] Upper tropospheric water vapor has important
implications in the chemical and physical properties of the
tropical tropopause layer, terrestrial radiation budget, and
stratospheric chemistry. The processes that govern the entry
of moist air into the tropical upper troposphere and lower
stratosphere (UTLS) are a combination of (1) rapid vertical
motion, i.e., rapid overshooting convection, and (2) slow
diabatic ascent, i.e., a freeze-drying mechanism due to low
temperature, in the vicinity of the tropical tropopause
[Gettelman et al., 2002, and references therein]. The global
distribution of upper tropospheric water vapor is not fully
understood due to its low density and uncertainties in its
concentration in the UTLS region [Park et al., 2007]. The
Microwave Limb Sounder (MLS) onboard the Aura satellite
provides a better opportunity to study the global upper
tropospheric water vapor [Waters et al., 2006]. Several
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studies have examined the global distribution of upper tro-
pospheric water vapor by using the measurements from the
Aura-MLS, especially over the tropics [Park et al., 2007,
James et al., 2008]. However, there are still open scientific
problems in the redistribution and variation of water vapor
and their controlling mechanisms in the upper troposphere,
especially in the region of the South Asian summer mon-
soon (ASM hereafter). The ASM is an anticyclone system in
the UTLS region during Northern Hemisphere (NH) sum-
mer. The anticyclone encompasses an easterly jet in the
tropics and a westerly jet in the midlatitudes. Recent studies
have found that the anticyclone circulation is important in
the distribution of various trace species [Park et al., 2007].

[3] There are two important aspects of the upper tropo-
spheric water vapor: (1) its role in the formation of tropical
cirrus and (2) the dehydration mechanism in the upper tro-
posphere [Platt, 1973; Liou, 1986; Twomey, 1991]. These
factors are important for understanding the formation of
cirrus clouds, which cover almost 20% of the Earth’s surface
[Liou, 1986; Heymsfield and McFarquhar, 2002], out of
which 50% is over the tropical regions. Cirrus clouds are
believed to have a profound effect upon the planetary energy
budget due to their radiative properties [Wang et al., 1996].
Critical parameters in understanding the radiative effects of
cirrus clouds are their geometrical and optical thickness
along with occurrence height and other microphysical
properties such as the shape and size of the ice crystals.
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However, the processes involved in the formation of cirrus
clouds are not well understood, and thus they are poorly
represented in global climate models [Penner et al., 1999].

[4] According to current theory, there are two primary
mechanisms important for the formation of tropical cirrus:
(1) convective transport of water vapor to the upper part of
the troposphere by cumulonimbus clouds (i.e., anvil cirrus),
and (2) in situ formation of ice crystals by slow, synoptic
scale uplift of a humid layer (i.e., in situ cirrus) [Jensen
et al., 1996]. The maximum amount of water vapor in the
UTLS during the NH summer is observed over the ASM
regions [Park et al., 2007], which coincides well with the
frequent observations of cirrus clouds as will be shown in
this paper and also discussed by Sassen et al. [2008].

[5] The occurrence of a tropical easterly jet (TEJ) in the
NH summer is one of the prominent features associated with
the ASM [Sathiyamoorthy et al., 2007]. The TEJ is usually
observed in the longitudes 20°E—140°E and latitudes 5°S—
20°N. The TEJ is generally maintained by the thermal
gradient present in the upper troposphere between the heated
Asian landmasses of the Tibetan high plateau and relatively
cooler Indian Ocean during the ASM season [Koteswaram,
1958]. The TEJ formed over the South Asia—Pacific region
lies at heights of 200—100 hPa pressure levels with wind
speeds reaching up to 40 m s ' [Hastenrath, 1991]. It can
redistribute the water vapor including liquid/ice particles
brought up by deep convection and can form high-altitude
clouds [Ahrens, 2003; Sathiyamoorthy et al., 2004]. It should
be noted that only a few studies have been done previously to
examine the relationship between the TEJ and cirrus clouds.
This lack can be attributed to the complex physical properties
of cirrus clouds and the TEJ, which makes their measure-
ments difficult and thus limited. In addition, synoptic scale
disturbances such as jet streams, frontal and low pressure
systems [De Mott, 2002; Khvorostyanov and Sassen, 2002],
deep convection [Mace et al., 2006], orographic/terrain-
induced cirrus [Wylie, 2002], and exhaust from jet traffic
[Schumann, 2002] also contribute to the formation of the
tropical cirrus. However, over the middle and high latitudes,
the bulk of cirrus is formed by baroclinic fronts [Liou,
1986]. It is evident from the above studies that the forma-
tion, maintenance, and dissipation of cirrus clouds are
directly associated with the large-scale synoptic features or
disturbances and are also partly related to the cumulonimbus
outflows. While the mechanisms are qualitatively under-
stood, the quantitative basis for their formation and dissi-
pation has not yet been addressed.

[6] Several studies have contributed greatly to our
knowledge of the fundamental properties of cirrus clouds by
using different techniques [e.g., Francis et al., 1999; Sassen
and Mace, 2002, and references therein]. However, each
approach has its own pros and cons. Ground measurements
have a limited global coverage and are also adversely
affected by the presence of low-level clouds. On the other
hand, aircraft measurements that can provide the horizontal
structure of the cloud are limited to the cruising altitudes.
Sassen et al. [2008, and references therein] reported that the
studies on the vertical structure of the cirrus clouds on a
global scale were traditionally limited due to the irregular
space-time sampling from the ground-based as well as from
the satellite observations. With the advent of the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP)
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instrument onboard the Cloud-Aerosol Lidar and Infrared
Pathfinder satellite Observation (CALIPSO), which is a
spaceborne lidar, we can now study the vertical and global
distributions of cirrus clouds. For example, by using
CALIPSO observations, Lamquin et al. [2008] reported that
the geometrical thickness of cirrus has a greater influence
than the optical depth on the relative humidity of ambient air.
Sassen et al. [2008] studied the global and seasonal distri-
bution of cirrus clouds and found an average occurrence
frequency of about 16.7%, based on CALIPSO observations.
Several other studies have also reported the global char-
acteristics of cirrus cloud using CALIPSO data [Nazaryan
et al., 2008; Sassen et al., 2009]. However, these studies
have not dealt with the generative mechanisms of cirrus
clouds and the role of the TEJ in their distribution/formation
process. These aspects form the basis for the present study.

[7] Realizing the importance of the global distribution of
upper humidity in the formation of the tropical cirrus, we
attempt for the first time to show the role of the TEJ in this
context. In this study, we analyze the monthly distribution
of global upper tropospheric humidity and tropical cirrus
and their association with the TEJ. We also use the wind,
temperature, and outgoing longwave radiation (OLR) data
from the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
reanalysis to investigate the characteristics of the TEJ,
temperature anomalies, and the intensity of convection,
respectively. In the following section, a brief description of
the instruments and data used is given. Section 3 presents
the results and discussion. Finally, summary and concluding
remarks are given in section 4.

2. Instrumentation and Data Analysis

[8] The CALIPSO satellite was launched on 28 April 2006
orbiting the Earth as a cluster with other NASA spacecrafts in
the A-Train platform. It is a nadir-viewing, sun-synchronous
satellite, designed to study the impact of clouds and aerosols
on the radiation budget and the climate of the Earth [Winker
etal.,2003]. CALIOP is a spaceborne lidar system for a long-
duration mission designed to detect the clouds and aerosols.
Traditionally, the lidar technique uses polarization measure-
ments to detect and differentiate the vertical distribution of
water clouds, ice clouds, and aerosol masses [Sassen, 1991;
Winker et al., 2003]. CALIOP also works on the above
principle, taking measurements at wavelengths of 532 nm and
1064 nm with a vertical resolution of 60 m between the height
range of 8.2-20.2 km, a region where high-altitude clouds are
situated. It has a horizontal resolution of 333 m [ Winker et al.,
2003]. Details of CALIOP measurements and technical fea-
tures can be found elsewhere (http://cosweb.larc.nasa.gov/
PRODOCS/calipso/table _calipso.html).

[9] The CALIPSO data have been validated by several
earlier studies [Kim et al., 2008; Tao et al., 2008]. The
present study uses CALIPSO level 2, 5 km (horizontal
resolution) cloud layer data product. This product provides
information about the geometric thickness and the top and
base altitudes of clouds. The confidence level for the iden-
tification of the cloud layer is based on the cloud-aerosol
discrimination (CAD) score, where the positive (negative)
value signifies clouds (aerosols). We have considered only
those cloud layers for which the “CAD_Score” parameter is
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between 80 and 100 to ensure the high level of confidence in
the detection of clouds. For each cloud layer retrieved, an
opacity flag parameter is also considered. Only those layers
having an “Opacity Flag” parameter equal to 0 are used in the
present study to ensure the cloud layer is transparent. Further-
more, the detection of the lower cloud layer in a multilayer
case is more complex, since there can be attenuation of
CALIOP signals by the cloud layers above it. However, we
have considered only the top layer clouds, and thus the above
condition will not affect our results. Detailed descriptions
of the detection algorithm of the cloud layer can be found
at the Website http://eosweb.larc.nasa.gov/PRODOCS/calipso/
Quality Summaries/CALIOP L2LayerProducts 2.01.html and
references therein.

[10] The data at 532 nm are used in the present study
because of their better capability in detecting thin cirrus.
Moreover, only nighttime data are considered due to the
better signal-to-noise ratio, which makes the detection of
thin clouds more reliable [ Winker et al., 2003]. Furthermore,
in order to avoid the ambiguity of cirrus clouds in polar and
Arctic regions, we restricted our analysis to 55°S-55°N
latitudes. We define a cirrus cloud using a cloud base height
threshold of 8 km in the tropics (25°S—25°N), and 6 km in
the midlatitudes (25°S—55°S and 25°N-55°N) [Dowling and
Radke, 1990]. The calculation of cirrus cloud occurrence
frequency is made by using a domain of 10° latitude x 20°
longitude.

[11] The MLS instrument onboard the Aura satellite was
launched on 15 July 2004 as a part of the A-Train platform.
The MLS measures thermal emissions in the millimeter and
submillimeter wavelengths by scanning the Earth’s atmo-
spheric limb to determine profiles of humidity, temperature,
and trace atmospheric species such as Oz, N,O, HCL,
HNO;, and CO among others. The instrument uses seven
radiometers to cover five broad spectral regions between
118 GHz and 2.5 THz. More details about the instrument,
algorithms, and science products can be found in the work
of Waters et al. [2006] and in the MLS webpage (http://mls.
jpl.nasa.gov).

[12] In this analysis, we use version 2, level 2 (V2.2) data
products of relative humidity at pressure levels of 215, 146,
100, and 82 hPa (corresponding to the altitudes of 12—12.5,
14-14.5, 16-16.5, and 17.5-18 km, respectively). The
processing of the MLS data has been described by Livesey
et al. [2007]. Note that the measurements of the MLS sat-
ellite trail the CALIPSO satellite by ~7 min, which is
equivalent to a spatial difference of about 1.8° west with
respect to the CALIPSO satellite. Since the observations are
averaged over a grid of 10° x 20° latitude-longitude for the
analysis, some of the data points of both instruments did
not fall in the same box. However, in the present study,
the large-scale monthly averages are performed, so that
spatial lags will have negligible impact on the results. After
May 2008, the MLS satellite was relocated much closer to
CALIPSO [Wu et al., 2008; Savtchenko et al., 2008] and
both measurements can be considered as simultaneous and
colocated. Despite this relocation of the satellite track, there
are no noticeable differences in the results reported here. As
discussed in section 1, the NCEP/NCAR reanalysis data are
used to derive the following parameters: (1) zonal and
meridonal wind pattern to study the TEJ [Kalnay et al.,
1996], (2) OLR as a proxy for the intensity of convection
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[Liebmann and Smith, 1996], and (3) temperature anomaly
[Basist and Chelliah, 1997]. These data are available as the
daily/monthly means, at a grid resolution of 2.5° latitude x
2.5° longitude.

3. Results and Discussion

[13] In an attempt to understand the origin of the tropical
cirrus associated with the ASM, we have analyzed the
occurrence of cirrus clouds from the CALIPSO data and the
wind characteristics from the NCEP/NCAR reanalysis dur-
ing the period of July 2006 to December 2008. According to
the India Meteorological Department (IMD), which follows
the World Meteorological Organization (WMO) classifica-
tion, June to September is considered the ASM period and is
referred as the Indian summer monsoon (ISM), especially
over the Indian region. Since we are interested in the role of
the TEJ in the formation and/or transport of the tropical
cirrus, we restrict our analysis to the period ranging from
June to September of 2006—2008.

[14] Figure 1 shows contour maps of the monthly fre-
quency distribution of cirrus clouds derived from CALIPSO
observations for the period June to September 2006—2008.
The first panel (June 2006) is left blank as there are limited
observations of CALIPSO for that month. The thick, dark
closed contours indicate the locations of OLR <220 W m >
for the corresponding month. The threshold of OLR <220 W
m 2 is considered the proxy of convection, because this
condition is expected to have more deep convective clouds
and have more moisture content [e.g., Wild and Roeckner,
2006; Ricaud et al., 2007]. The cirrus cloud frequency is
calculated by taking the ratio of the cirrus observed to the
total number of observations made within each grid of
10° latitude x 20° longitude for each month. These contour
maps clearly depict that the maximum occurrence of cirrus
clouds is over the Indian tropical region (15°S—-25°N and
30°E-170°E), i.e., the ASM region, and over some parts of
central west Africa. However, comparatively less cirrus
clouds are observed over the northern part of South America
(not shown). These results are consistent with earlier reports
[e.g., Wylie et al., 1994; Wang et al., 1996], suggesting that
the general characteristics of the cirrus distributions are the
persistent features of the atmosphere. Yang et al. [2010]
investigated the optical depth of the top layer of cirrus
clouds by using one year of CALIPSO data. They found that
a large fraction of thin cirrus (optical depth <0.3) is dis-
tributed over the Indian tropical regions during the summer
(June to August), which are the same areas considered in the
present study. The optically thin cirrus cloud plays a crucial
role in the Earth’s radiation budget and in determining the
mass exchange between the troposphere and stratosphere
[Hartmann et al., 2001; Corti et al., 2005].

[15] From Figure 1, it can be seen that over the regions of
the Indian peninsula and the West Bay of Bengal, cirrus
clouds occur more frequently in June—July than August—
September. However, over the Bay of Bengal, the occurrence
of cirrus remains uniform from June to September. One
striking feature to be noted is that in the initial phase of the
ASM in June, the occurrence of cirrus is elongated along the
longitude, but this cirrus is confined to the Indian peninsular
region by the end of the ASM in September. Nazaryan et al.
[2008] and Sassen et al. [2008] also analyzed CALIPSO data
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Figure 1. Contour map of the monthly distribution of cirrus occurrence derived from the CALIPSO dur-
ing June to September in the c years 2006-2008. The closed thick contours indicate the outgoing longwave

radiation (OLR) <220 W m
denote no data.

and showed that the occurrence of cirrus peaked over the
Indian peninsular region. Figure 1 also reveals that OLR,
Wthh is a proxy for convective activity, is low (<220 W
m 2) and is confined to a smaller area as compared with the
extended occurrence of cirrus. Clark [2005] reported that the
formation of cirrus clouds is favored over deep convective
regions (low OLR). Sherwood and Dessler [2003] pointed
out that convection can be one of the processes to supply
water vapor to form cirrus in the vicinity of the tropical
tropopause given that there is negligible horizontal transport
of water vapor from the extratropical areas. However, from
Figure 1 one can find that the cirrus clouds occur in regions
of high OLR (>220 W m?), which could be attributed to the
slow advection takes place over these areas, suggesting that
other factors besides convection also influence the formation
and distribution of cirrus. The maximum occurrence of cirrus
over the Indian and the Southeast Asian regions during the
ASM may be due to the large amount of moisture present in
the atmosphere associated with convection and advection,
which will be discussed later.

[16] Figures 2a, 2b, 2c, and 2d show contour maps of
monthly mean relative humidity with respect to ice (RHi) at
different pressure levels (215, 146, 100, and 82 hPa) during
June to September, respectively, for the years 2006—-2008.
These contour maps clearly indicate that the maximum

. The OLR data is taken from the NCEP/NCAR reanalysis. The blank areas

amount of water vapor is available over the tropical areas
around 15°S-25°N and 30°E-170°E, i.e., around the ASM
region at the 215 hPa pressure level. However, in the upper
height levels, water vapor is confined to nearly 15°N-25°N
and 30°E—110°E. It is possible that the overshooting con-
vection plays a major role in the transport of water vapor
into the upper troposphere. As mentioned earher since the
intensity of convection (OLR <220 W m ™ %) is confined to
smaller areas, it is believed that convection is not the only
process that governs the distribution of water vapor in the
upper troposphere. The process which controls the water
vapor near the tropopause (100 hPa) is very complex and yet
to be understood [Park et al., 2007]. It is also to be noted
that at the 925 hPa pressure level, the maximum amount of
humidity is confined in the vicinity of low OLR, i.e., over
the North Bay of Bengal, as revealed by the NCEP/NCAR
reanalysis (not shown).

[17] To gain further insight, we have analyzed monthly
mean vertical velocity obtained from the NCEP/NCAR
reanalysis for 20062008 at 250 hPa and 100 hPa pressure
levels, which are shown in Figures 3a and 3b, respectively.
The color bars with positive (negative) values signify the
upward (downward) motion. A strong updraft of the order
>2 cms ! is observed over the ASM region. This shows that
due to convection, the moisture rises from the lower to the
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Figure 2a. Contour maps of monthly mean relative humidity with respect to ice (RHi) for different pres-
sure levels (215, 146, 100 and 82 hPa) obtained from the AURA-MLS during June 2006 to 2008.
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Figure 2b. Same as Figure 2a, but for July 2006 to 2008.
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Figure 2c. Same as Figure 2a, but for August 2006 to 2008.
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Figure 2d. Same as Figure 2a, but for September 2006 to 2008.
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Figure 3a. Contour maps of monthly mean vertical velocity derived from the NCEP/NCAR reanalysis at
the 250 hPa pressure level for June to September during 2006 to 2008.
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Figure 3b. Same as Figure 3a, but at the 100 hPa pressure level.
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Figure 4. Contour maps of the monthly mean temperature anomalies (deviation from zonal mean) at the
100 hPa pressure level derived from the NCEP/NCAR reanalysis for June to September during 2006 to

2008.

upper troposphere and reaches up to convective outflow,
from where it is transported over a larger area. During this
upward displacement, air masses will cool adiabatically
until the required supersaturation for the formation of ice is
reached. This supports the assertion by Luo and Rossow
[2004] that there are more cirrus clouds associated with
updrafts. However, Boehm and Verlinde [2000] pointed out
that the humidity alone is not sufficient to form cirrus
clouds. Earlier studies have reported that, in addition to high
humidity, cold temperature anomaly is also required for the
formation of cirrus in the vicinity of the tropopause [/mmler
et al., 2008, and references therein]. Figure 4 shows the
monthly mean temperature anomaly (deviation from zonal
mean) at the 100 hPa pressure level derived from the NCEP/
NCAR reanalysis during June—September of 2006—-2008. In
the tropics, the tropopause height is usually at the 100 hPa
pressure level. It is illustrated from Figure 4 that the cold
tropopause temperature anomaly is observed over 15°N—
40°N and 30°E—-110°E, where more humidity is seen. This
is one of the appropriate conditions for the formation of the
tropical cirrus. However, as seen in Figure 1, the maximum
cirrus is not only observed over the above favorable areas
(15°N—40°N and 30°E-110°E) but also extends up to 15°S—
25°N and 30°E-170°E, i.e., the ASM regions, and some
parts of central west Africa. This suggests that either cirrus
clouds are formed in situ due to conditions of upper tropo-
spheric humidity that is transported from the convective zone

by advection, or the clouds are formed over the convective
zone and then transported, which needs to be accounted for.

[18] Figure 5 shows the contour maps of monthly mean
zonal wind along with wind vectors at the 150 hPa pressure
level obtained from the NCEP/NCAR reanalysis during June
to September of 2006-2008. The contour maps clearly
indicate the existence of the TEJ over the Indian tropical
region during the ASM. By using the NCEP/NCAR reanal-
ysis data from 1979 to 1990, Sathiyamoorthy et al. [2007]
showed the intraseasonal variability of the TEJ over the
Asian region with an intense TEJ migrating over the Indian
peninsular region during the ASM. The phenomenon of
seasonal reversal of winds during the ISM (June—September)
due to land-sea interaction is well reported in the literature
[e.g., Hastenrath, 1991]. This aspect can play an important
role in transport of upper tropospheric humidity and the
formation of tropical cirrus over those areas during the NH
summer [Hartmann, 1994; Ahrens, 2003].

[19] In the month of June with the onset of the monsoon, a
large amount of cirrus clouds are formed over the North
Indian Ocean, Indian peninsular region, Bay of Bengal,
some parts of the South China Sea, Philippine Sea, and
central east Africa, as seen in Figure 1. During this month,
the easterly wind prevails over these areas with magnitudes
greater than —20 m s ' at the 150 hPa pressure level, as
shown in Figure 5. One can also note a closed circulation
pattern from central Africa toward the Tibetan Plateau
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Figure 5. Contour maps of the monthly mean zonal velocity along with wind vectors derived from the
NCEP/NCAR reanalysis at the 150 hPa pressure level for June to September during 2006 to 2008. Red
arrow indicates the movement of Northeasterly winds.

region. Dunkerton [1995] reported that this circulation is
associated with the ASM, which encompasses a westerly jet
in the midlatitudes and an easterly jet in the tropics. From
July to September, the maximum occurrence of cirrus clouds
is still observed over the North Indian Ocean, Bay of Bengal,
South China Sea, and Philippine Sea, but those over the
Arabian Sea decrease by moving to the south. Moreover,
though cirrus clouds are also observed over Central America,
there is no feature of such an easterly jet in that region (not
shown). Furthermore, the cirrus clouds over Central America
retreat to South America by the end of October (not shown).

[20] Analysis reveals that at the 150 hPa pressure level,
where the core of the TEJ is located, prominent features of
cirrus clouds are observed during July to September, in
particular, over Southeast Asia and the North Indian Ocean
region. In October, when the TEJ moves southward and
begins to decay, the occurrence of cirrus is reduced over the
ASM region (not shown). This evidence clearly indicates
that the TEJ is one of the driving mechanisms for the
redistribution of upper tropospheric water vapor and hence
the formation of the tropical cirrus over the Southeast Asian
and Indian regions during the summer monsoon. Holton and
Gettelman [2001] proposed the concept of horizontal
transport of water vapor for the formation of cirrus clouds
over the tropical region. In the TEJ belt, the strong advection
of upper tropospheric humidity plays a major role in the
formation of cirrus clouds, if the humidity is high enough.
Thus, the water vapor pumped up by the convection over the

North Bay of Bengal can be transported to the TEJ region by
the northeasterly winds. The humidity further gets advected
and redistributed over the maximum convective outflow,
which is one of the mechanisms for the formation/distribution
of tropical cirrus. However, at this juncture one cannot say
much about the formation of cirrus in situ.

[21] Figure 6a (left) shows a contour map for the pressure
level-latitude intensity (PLI) of the cirrus occurrence fre-
quency, averaged over 30°E-120°E, from July to Septem-
ber of 2006, respectively. Figures 6b (left) and 6¢ (left)
show the occurrence during June—September of 2007 and
2008, respectively. Keeping in view the TEJ band, this
range of zonal mean is considered. Figures 6a, 6b, and 6¢
clearly show that the occurrence of cirrus is maximized
between 5°S and 20°N at the height region of 200-100 hPa
(12-16 km). It is also to be noted that the mean tropical
tropopause height is about 100 hPa (~16 km). Thus, the
occurrence of tropical cirrus is beneath the tropopause. To
investigate corresponding TEJ effects, we have analyzed the
corresponding zonally averaged (30°E-120°E) winds as
shown in Figures 6a (right), 6b (right), and 6c¢c (right) as
height-latitude intensity maps. It can be seen that the peak
intensity of zonal wind > |-201 m s~ occurs in the vicinity of
the tropical tropopause. This shows the correlative occur-
rence of cirrus with the location of the easterly wind, both in
height and latitude. It is worth noting that there is a consistent
similarity between the latitudinal movements of the cirrus
clouds and those of the easterly winds, indicating the exis-
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Figure 6¢. Same as Figure 6a but for 2008.

tence of a strong link between them. During June to Sep-
tember, strong easterly winds prevail from 5°S to 20°N,
while more cirrus clouds are also formed in the same lati-
tudinal band. The generation of the tropical cirrus due to the
cumulonimbus outflow from convective regions as part of
the Hadley cell circulations may also cause the tropical cirrus
to exist and move to longer distances from the convective
area [Wylie, 2002].

[22] In order to elucidate the temporal and spatial evolution
of the cirrus, we have constructed the month-latitude contour
maps of the cirrus occurrence and zonal wind, averaged over

30°E-120°E, from 2006 to 2008 as shown in Figures 7a and
7b, respectively. Figures 7a and 7b depict the latitudinal
occurrence of the cirrus in different months. Interestingly, it
is observed that during June to August, the maximum
occurrence of cirrus is over latitudes 5°S—15°N, which
coincides with the zonal wind maxima. Once the intensity of
zonal wind decreases after the summer, the occurrence of
cirrus also decreases by moving to the Southern Hemisphere
up to 20°S. Thus, it can be considered that the formation and
dissipation of cirrus clouds over the Indian and Southeast

Latitude (degree)

JFMAMJJASONDJFMAMJJASONDJ FMAMJJASOND
2006 2007 008

Month

Figure 7. Month-latitude contour maps of (a) the occurrence of cirrus clouds, and (b) the zonal wind
averaged over 30°E—120°E from 2006 to 2008. The blank areas denote no data.
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Asian regions during the NH summer is strongly coupled
with the TEJ.

[23] In order to better understand the relationship between
the TEJ and cirrus cloud formation, the longitudinal varia-
tion of both the zonal wind at the 150 hPa pressure level and
the occurrence of cirrus clouds, averaged from June to
September for 2006-2008 (except for June 2006) with the
latitudinal average over 5°S—15°N, are shown in Figure 8a.
The percentage occurrence of cirrus cloud peaks over
longitudes in 60°E-90°E. It is noteworthy that the easterly
jets also peak in the same longitudes in the Indian and
Southeast Asian regions as shown in Figure 8a. The zonal
wind at the 150 hPa pressure level at these longitudes shows
a close correlation between the TEJ and cirrus clouds. In the
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following months starting with October, the strength of the
TEJ decreases and the cirrus clouds move toward the
southern part of the Indian Ocean with the completion of
the ASM. Thus, it can be considered that the high amount
of cirrus clouds formed over the Indian and Southeast
Asian region during the NH summer is due to the advection
associated with the TEJ. Though the strength of the TEJ
decreases at 120°E, the cirrus occurrence extends up to
170°W (not shown). This may be due to the zonal move-
ment, i.e., Walker circulation. The nonuniform heating of
land and ocean at the tropical region drives the Walker cir-
culation, in which the air rises at the longitudes of heating
(over the Indonesian region) and sinks at the longitudes of
cooling (west coast of South America).

[24] Figure 8b shows the longitudinal variation of RHi at
the 215, 142, 100, and 82 hPa pressure levels, averaged
between June—September of 20062008 and over latitudes
5°S—15°N. Figure 8b clearly shows that the maximum
humidity is observed over 60°E-90°E at the 215 hPa pres-
sure level. Similarly, the longitudinal variations of OLR and
the vertical velocity at 250 hPa shown in Figure 8c illustrate
that less OLR (<220 W m %) with relatively strong updraft is
observed over the 60°E-90°E region. All this evidence
clearly indicates that the convection over the North Bay of
Bengal plays a major role in transporting the humidity from
the surface to the middle and the upper troposphere up to
~215 hPa, and then the TEJ facilitates the transport or
redistribution of the upper tropospheric humidity over the
entire Indian peninsular region.

[25] In order to conduct a quantitative statistical inves-
tigation, we have performed correlation analyses between
various parameters by considering the data from 5°S to
15°N and 30°E to 150°E. Figure 9 shows the scatterplot
between the cirrus occurrence frequency and OLR. Figure 9
exemplifies that even with high OLR (>220 W m ?), there
persists a higher percentage of cirrus occurrence. As dis-
cussed above, smaller OLR (<220 W m %) will have more
deep clouds and consequently more moisture content at
higher heights as one of the favorable conditions for
the formation of cirrus. However, the present case is in
contrast to the normal mechanism for the formation of
cirrus. Figure 10 shows the scatterplot between the cirrus
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Figure 9. Scatterplot of the cirrus occurrence frequency
and OLR, averaged over 5°S to 15°N and 30°E to 150°E.
Dashed line gives the linear fit of the points, and R is the
correlation coefficient.
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occurrence and RHi at four different pressure levels. The
correlations are found to be 2.3%, 20.9%, 34.9%, and 63.4%
at 82, 100, 146, and 215 hPa, respectively. Thus, it is clear
that humidity at the 215 hPa pressure level plays a major role
in the formation of cirrus. Figure 11 shows the scatterplots
for the cirrus occurrence versus zonal wind at four different
pressure levels. The correlations are about 30.8%, —26.7%,
—40.4%, and 4.3% at 850, 250, 150, and 70 hPa, respec-
tively. This shows that the easterly zonal wind at the 150 hPa
pressure level, where the maximum TEJ strength is observed
as discussed earlier, contributes more to the formation and
distribution of the tropical cirrus. The coefficient of multi-
regression analysis between cirrus occurrence frequency
with the zonal wind at 150 hPa, RHi at 215 hPa, and OLR
is found to be 64.8%. By doing a two-dimensional cross-
correlation analysis, we studied the spatial correlation sta-
tistics to assess how well the cirrus occurrence is correlated
with the zonal wind maxima. We have considered the data
from 25°S to 45°N, and 70°W to 170°E. Both the cirrus
occurrence frequency and zonal wind are averaged between
June—September of 20062008 (except for the cirrus occur-
rence frequency of June 2006). Figure 12 shows the results of
this investigation, where lags of both values are zeros indi-
cating that the maximum cirrus occurrence is well correlated
with zonal wind maxima in the spatial domain.

Lag (degree)

-120 -80

-40 0 40 80 120
Lag (degree)

Figure 12. The two-dimensional cross-correlation analysis
between cirrus occurrence frequency and the magnitude of
zonal wind. The correlation coefficients are normalized as
shown in the color bar.
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[26] Menzel et al. [1992] have studied the relationship
between the jet streams at 300 hPa and cirrus clouds for four
years over the geographical area 27°N to 51°N and 60°W to
140°W by using data of the geostationary Visible-Infrared
Spin Scan Radiometer Atmospheric Sounder (VAS). They
reported that the occurrence of cirrus clouds is about 40—
60% in the months of the strong jet stream (>35 m's ') and
is reduced to 10-30% in the weak stream months. Haynes
and Stephens [2002] showed that the highest frequency of
occurrence of cirrus clouds is found in the specific (accel-
erating) regions of the jet stream. Our analysis also shows
the occurrence of cirrus is about 70-80% during the months
of the strong jet stream and decreases to nearly 30—40% in
the non—jet stream periods, averaged over the study areas.
Menzel et al. [1992] have shown that there is no significant
change in the frequency of occurrence of cirrus clouds with
wind speeds. In contrast to this finding, the present analysis
shows that the occurrence of cirrus increases with the
strength of the jet stream as revealed from Figure 1lc.
However, we cannot exclude other factors apart from the
TEJ that may also affect the transport and redistribution of
upper tropospheric humidity resulting in the formation of
the tropical cirrus. These issues will be considered for our
near future goal.

4. Summary and Concluding Remarks

[27] The redistribution and transport of the upper tropo-
spheric humidity and then the formation mechanism of the
tropical cirrus clouds coupled with the tropical easterly jet
are investigated by using combined data of CALIPSO,
Aura-MLS, and NCEP/NCAR reanalysis from 2006 to
2008. The following features are brought out from the
present observations:

[28] 1. A low value of OLR (<220 W m?) is seen over the
North Bay of Bengal during the South Asian summer
monsoon with a high occurrence of cirrus observed based on
CALIPSO data.

[29] 2.During the same months, more humidity is observed
in the upper troposphere over the tropical Arabian Sea, Indian
Ocean, Indian peninsular region, Bay of Bengal, South China
Sea, and Philippine Sea, and a higher percentage of cirrus
formed over the same regions.

[30] 3. There is a transport of humidity from the lower to
the upper troposphere, as revealed from the vertical velocity,
above the convective areas (e.g., low values of OLR over
the North Bay of Bengal), and then it is further advected and
redistributed over the maximum convective outflow caused
by the elongated easterly tropical jet, or TEJ.

[31] 4. We conclude from a few correlated studies that the
observed high frequency of occurrence of cirrus over the
South Asian summer monsoon region is closely associated
with the redistribution of upper tropospheric water vapor
advected by the TEJ.

[32] 5. Thus, the present study for the first time brings out
the crucial role of the TEJ in the distribution of the upper
tropospheric humidity and subsequent formation of cirrus
clouds during the Asian summer monsoon.
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